to object surfaces and help us to recognize them. Psychophysical and behavioral studies have areas were 125 cd/m 2 and 1.3 cd/m 2 , respectively. We recorded stimulus onset and offset using a with the stimuli order of each block pseudo-randomized such that each stimulus was presented 2 2 8
once. We analyzed the responses of all the recorded and isolated neurons. We computed the 2 3 2 magnitude of a visually evoked response to a given image stimulus as a change in firing rate by stimulus from the raw firing rate during the 0.2-s stimulus presentation period. We shifted the 2 3 5
start of the window for the 0.2-s stimulus presentation period to 80 ms after stimulus onset for IT neurons to compensate for response latency. We evaluated the responsiveness of each neuron by comparing the firing rates during the stimulus presentation period across stimuli (P < 0.01,
Kruskal-Wallis test). We determined the statistical significance of a response by comparing the 2 3 9
firing rates during visual stimulation with the firing rates during the 0.1-s period immediately 2 4 0 preceding stimulus (P < 0.01, Wilcoxon signed-rank test).
4 1
We evaluated the stimulus selectivity of neurons with a sparseness index (Rolls and and is the activity fraction, ݂ is the change in firing rate from the spontaneous firing rate during the stimulus presentation period of the i-th stimulus. ݂ is the average across trials.
4 7
Negative ݂ was set to zero. ݊ is the number of stimuli. The sparseness index has a range from sparseness index was closer to 1. If it responded to almost all stimuli with similar firing rates, its 2 5 0 sparseness index was closer to 0.
5 1
We assessed a neuron's similarity in stimulus preference between two sets of 2 5 2 responses using Pearson's correlation coefficient. When performing the statistical test for 2 5 3 correlation coefficients, the coefficients were Fisher transformed. Responses of IT, V4, and V1 neurons to surface images of natural objects
We recorded the responses of 610 neurons from IT cortex (168 from Monkey A, 145 from 2 5 8
Monkey B, and 297 from Monkey C) to the 64 images of natural object surfaces. We evaluated stimulus-presentation period across stimuli (P < 0.01, Kruskal-Wallis test). Forty-three percent 2 6 1 of these neurons (265/610) were visually responsive (Fig.2) . We found responsive neurons in all 2 6 2 electrode penetrations, meaning that they were distributed throughout the lateral gyrus of IT 2 6 3 cortex. Many single IT neurons responded sparsely to the set of 64 surface images. The 2 6 8 neuron in Figure 2A was visually responsive (P < 0.01, Kruskal-Wallis test). It responded to 2 6 9 four stimuli (P < 0.01, Wilcoxon signed-rank test) and only one stimulus (#35) evoked strong
responses. We quantified stimulus selectivity using a sparseness index that ranges from zero to one. Neurons that respond with high firing rates to a small number of stimuli have higher 2 7 2 sparseness indices (i.e., very selective), whereas those that respond with similar firing rates to in Figure 2A was 0.91. The stimulus selectivity of the neuron in Figure 2B was also sharp, but
broader than that of the neuron in Figure 2A (sparseness index, 0.67). For comparison, the 2 7 6 neuron in Figure 2C had much broader stimulus selectivity (sparseness index, 0.20).
7 7
Neurons in V4 and V1 also responded to the set of 64 surface images. We recorded Kruskal-Wallis test; Fig. 3B ). While the sparseness index of IT neurons was similar to that of 2 8 6 V4 neurons, it was larger than that of V1 neurons. This means that stimulus selectivity was 2 8 7 much sharper in IT and V4 neurons than in V1 neurons. Responses of IT neurons to the surface images of natural objects were independent responses (a vector with 64 elements) and one of the statistics (another vector with 64 elements).
9 7
By repeating this process for each of the 31 statistics, we obtained 31 r 2 -values for each neuron,
and designated a neuron's largest r 2 -value as its representative of r 2 -value. We found that only a neuronal responses to the surface images of natural objects, whereas they failed to explain the 3 0 7
responses of most IT and V4 neurons. Responses of IT, V4, and V1 neurons to manipulated surface images of natural objects
Surface images of natural objects contain a variety of visual features, such as color,
luminance-contrast, and spatial structures. To gauge the contribution that each of these features
had on the responsiveness and stimulus preference of neurons exposed to natural surface images,
we recorded responses of single neurons to the original images, achromatic images (Fig. 1B) ,
isoluminant images (Fig. 1B) and pixel-shuffled images (Fig. 1C, left) , respectively. We in IT, 79 in V4 and 34 in V1) that were responsive to the original images (P < 0.01,
Kruskal-Wallis test) and showed significant response to the best original image (the one that induced the largest response, P < 0.01, Wilcoxon signed-rank test). than those to the best original images (P < 0.001, Wilcoxon signed-rank test; Fig. 5A and B), to the responses to the best original images. Thus, colors augmented, or were crucial, for
responses of IT neurons to surface images of natural objects.
To evaluate contributions of color to a neuron's stimulus preference, we examined
the similarity in stimulus preference between the original and achromatic images by calculating of responses are similar to each other (i.e., a correlation coefficient close to 1), color does not
contribute to the stimulus preference. Analysis showed that the mean correlation coefficient was images of natural objects can be maintained without color information. Most V4 and V1 neurons responded at least weakly to achromatic images, and neurons (proportion of neurons, P = 0.001, χ 2 -test; normalized response magnitudes, P < 0.001,
Kruskal-Wallis test; similarity in stimulus preferences, P < 0.001, Kruskal-Wallis test; Fig. 6A ).
Specifically, IT neurons showed smaller proportion of responsive neurons, smaller response 3 5 2 magnitudes, and less correlation than V4 and V1 neurons. Thus, the color contributes to
surface-image responses in IT more than in V4 or V1. Responses to isoluminant images
Almost all IT neurons lost visual responsiveness to the isoluminant version of the images of natural objects. responsiveness to isoluminant images. In contrast, a small but much larger proportion of V1
neurons did respond to isoluminant images (Fig. 6B ). Comparing these results across regions
showed that the proportion of visually responsive neurons to isoluminant images differed coefficients between responses to the original images and isoluminant images did not differ
among the three cortical areas (normalized response magnitude, P = 0.081, Kruskal-Wallis test,
Fig. 6B, middle; correlation coefficients, P = 0.050, Kruskal-Wallis test, Fig. 6B , bottom).
Overall, the removal of luminance contrast from the surface images of natural objects
significantly diminished the responses of neurons in all the three cortical areas, and the effect was much stronger for IT and V4 neurons. Responses to pixel-shuffled images
Only two IT neurons (6%, 2/35) maintained their responsiveness to the pixel-shuffled correlation coefficient between responses to the original images and pixel-shuffled images was zero (P = 0.001).
While most V4 neurons also lost visual responsiveness to pixel-shuffled images, a
large fraction of V1 neurons responded to pixel-shuffled images and maintained stimulus 3 9 2 preferences (Fig. 6C) . The proportion of responsive neurons and the normalized response correlation coefficient between responses to the original images and pixel-shuffled images also spatial structures of the surface images of natural objects were essential for responses of most IT
and V4 neurons. In contrast, the shape of pixel histograms, which was maintained in
pixel-shuffled images, could explain a part of V1 neuronal responses. second-order image statistics, but had different inhomogeneously structured patterns (Fig. 1C , neurons in V4, and 57 neurons in V1 that were responsive to achromatic images (P < 0.01,
Kruskal-Wallis test) and showed significant response to the best achromatic image (the one that
induced the largest response, P < 0.01, Wilcoxon signed-rank test).
1 7
All IT neurons lost responsiveness to phase-shuffled version of the best achromatic expected from the unresponsiveness. preference to phase-shuffled images (Fig. 6D) , and their proportions did not differ among IT, V4, coefficient between responses to achromatic images and phase-shuffled images (P < 0.001,
Kruskal-Wallis test; Fig. 6D , bottom) did differ across regions. Thus, the importance of spatial 4 2 9
phase was larger in IT than in V4 and V1. patterns were different from the original images ( Fig. 5G-I , magenta lines and circles; Fig. 6E ). 
The response magnitudes were smaller than those to achromatic images (P < 0.001, Wilcoxon
signed-rank test; Fig. 5G and H) , and the mean normalized response magnitude was 0.14 ± 0.43 4 3 7 (Fig. 6E, middle) . The correlation coefficient between responses to achromatic images and neurons to surface images of natural objects.
5
Much larger fractions of V4 and V1 neurons maintained visual responsiveness and responses to surface images of natural objects than they were for IT neurons. Relationships between responses to different types of manipulated surface images
Finally, we examined how the effect of one type of image manipulation related to that of neurons that received luminance contrast-based information also received pixel-wise spatial V4 neurons that responded to phase-shuffled images also responded to texture-synthesized
images. There were no significant correlations in any of the other response pairs in V4 neurons neurons that were tolerant to removal of color were intolerant to removal of luminance-contrast,
and vice versa. V1 responses to isoluminant images were positively correlated with those to
pixel-shuffled images (r = 0.78, P < 0.001; Fig. 7A , bottom-right), meaning that V1 neurons that were tolerant to removal of luminance-contrast were also tolerant to pixel shuffling. There show that responses to different types of manipulated surface images did not share common In the present study, we examined responses of IT neurons to images of natural object surfaces
and compared them with those of V4 and V1 neurons. We found that about half of IT neurons and degradation of spatial structures significantly decreased responses in these IT neurons.
Comparing responses among IT, V4, and V1 revealed that IT and V4 neurons exhibited a 4 9 1 similar degree of stimulus selectivity, which was sharper than that of V1 neurons. V1 neuronal 4 9 2 responses were weakly but significantly correlated to image statistics, whereas response in IT 4 9 3 and V4 were not. In all the three cortical areas, neural responses to modified images were 4 9 4 significantly less than those to the original images, but the degree of reduction differed across
regions. Some types of image modification reduced responses in IT more than in V4 and V1, whereas others reduced IT and V4 responses more than V1 responses. Responses of IT neurons to surface images of natural objects 4 9 9
We found that about half of IT neurons responded selectively to surface images of natural prevalent than we found here.
In the present study, we found that IT neurons had sharp stimulus selectivity and that Ideura 1993). Here, we extend these findings by showing that most IT neurons that respond to
surface images of natural objects require multiple surface features for their activation. Each visual feature contributed to IT neuronal responses in a different manner. We
found that removal of color reduced response magnitude, but selectivity of some IT neurons was of natural objects was largely determined by luminance contrast-based spatial structures. Comparisons of responses to surface images of natural objects among IT, V4, and V1 5 2 9
Response properties of IT neurons to surface images of natural objects are likely acquired via regions can reveal the level at which these response properties emerge. For example, the degree exhibited less reduction in V1 neurons than in V4 or IT neurons, indicating that the importance 5 3 7
of luminance contrast and pixel-wise spatial structure increases between V1 and V4. Other that information derived from the surfaces of natural objects is also processed in a hierarchical 5 4 8 manner.
4 9
One might argue that the differences in response properties among the three cortical correlation coefficients between V1 responses and the image statistics were not smaller than
those for IT or V4 neurons (see Fig. 4B ). The degree to which V1 neurons responded less to discrepancy between image statistics and image properties within the small RFs of V1 neurons
was not the cause of the differences in response properties among the three cortical areas, images were underestimated in V1 neurons, leading us to underestimate the real differences. At the end of the hierarchical processing, visual information about object surfaces objects that is invariant and robust to modification and degradation of visual inputs. In past
studies, one of the authors reported that almost all IT neurons (79%-96%) were visually 5 6 9
responsive to object images that retain both natural outer contours and surface visual features Tamura and Tanaka 2001; Tamura et al. 2005; Tamura et al. 2014) . In the present study, we
tested visual responsiveness with images that lacked contours but retained surface visual features. Analysis showed a much lower incidence of responsive neurons (43%). This result
suggests that a population of IT neurons require contour information for their activation, and
that they may integrate contour information with surface-related information. Indeed, some IT neurons have been shown to be sensitive to both shape and color or textures (Desimone et al. 1984; Tanaka et al. 1991; Komatsu and Ideura 1993; Edwards et al. 2003; Conway et al. 2007 ;
Köteles et al. 2008), and a human fMRI study has also indicated the possibility that shape is
integrated with surface features in the fusiform gyrus (Cavina-Pratesi et al. 2010 ).
7 9
Alternatively, the majority of IT neurons sensitive to contour may not be sensitive to surface-related properties (Komatsu and Ideura 1993; Sáry et al. 1993; Köteles et al. 2008) .
8 3
Human fMRI studies and neuropsychological studies have shown that the lateral occipital
cortex is involved in shape processing, whereas more medial parts are involved in processing surface-related information are represented in IT cortex. phase-shuffled images (black circles), or the texture-synthesized images (magenta circles). I,
Cumulative frequency distribution of the correlation coefficients between responses to the 8 1 5
achromatic images and the phase-shuffled images (black), or the texture-synthesized images
(magenta). Note that phase-shuffled images and texture-synthesized images were achromatic.
We analyzed 35 IT neurons for A-F and another 38 IT neurons for G-I. responses to achromatic, isoluminant, and pixel-shuffled images across the three cortical areas. responses to phase-shuffled and texture-synthesized images across the three cortical areas. For images (right column) for IT (top row, n = 35), V4 (middle row, n = 79), and V1 (bottom row, n 8 3 7
= 34) neurons. For each neuron, we determined the most effective original image. Response
magnitudes for the manipulated images were normalized to the corresponding best images. Normalized responses to two types of manipulated image are plotted against each other. Each Relationships between responses to phase-shuffled and texture-synthesized images for IT (top 
